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Oxygen is a critical regulator of placentation. Early placental development occurs in a predominantly low oxygen environment and is, at least
partially, under the control of hypoxia signaling pathways. In the present study, in vivo hypobaric hypoxia was used as an experimental tool to
delineate hypoxia-sensitive events during placentation. Pregnant rats were exposed to the equivalent of 11% oxygen between days 6.5 and 13.5 of
gestation. Pair-fed pregnant animals exposed to ambient conditions were included as a control group. Uterine mesometrial blood vessels in the
hypoxia-exposed animals were greatly expanded and some contained large cuboidal cells that were positive for cytokeratin and other markers
characteristic of invasive trophoblast cells. Unlike later in gestation, the route of trophoblast cell invasion in the hypoxia-exposed animals was
restricted to endovascular, with no interstitial invasion observed. Hypoxia-activated endovascular trophoblast invasion required exposure to
hypoxia from gestation day 8.5 to day 9.5. Activation of the invasive trophoblast lineage was also associated with an enlargement of the junctional
zone of the chorioallantoic placenta, a source of invasive trophoblast cell progenitors. In summary, maternal hypoxia during early stages of
placentation activates the invasive endovascular trophoblast cell lineage and promotes uterine vascular remodeling.
© 2007 Elsevier Inc. All rights reserved.Keywords: Hypoxia; Trophoblast invasion; Metrial gland; Chorioallantoic placenta; Rat; PlacentationIntroduction
Hemochorial placentation is utilized in many mammalian
species including rodents and primates (Davies and Glasser,
1968; Enders and Welsh, 1993; Georgiades et al., 2002). It
ensures the most intimate contacts between maternal and
embryonic compartments. The maternal–embryonic connec-
tions include extensive remodeling of the associated maternal
uterine vasculature (Enders and Welsh, 1993; Kaufmann et al.,
2003; Red-Horse et al., 2004; Pijnenborg et al., 2006). The
uterine vascular modifications are fundamental to the delivery
of nutrients to the developing embryo/fetus. A key regulator of
pregnancy-dependent changes in the uterine vasculature is a
specialized lineage of trophoblast cells referred to as invasive⁎ Corresponding author. Fax: +1 913 588 8287.
E-mail address: msoares@kumc.edu (M.J. Soares).
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0012-1606/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2007.12.007trophoblast cells. In the human, the invasive trophoblast cell
lineage is referred to as extravillous trophoblast.
Intrauterine trophoblast cell invasion is a prominent feature
of placentation in the rat (Bridgman, 1949; Correia-da-Silva
et al., 1999; Ain et al., 2003; Wiemers et al., 2003a; Caluwaerts
et al., 2005; Zybina and Zybina, 2005; Vercruysse et al., 2006).
Rat invasive trophoblast cells have been characterized by their
epithelial nature (expression of cytokeratin), polyploidy,
accumulation of glycogen, expression of a unique subset of
prolactin (PRL) family cytokines, and their location at the
uterine site of placental attachment. The invasive trophoblast
cell population first appears at midgestation. It consists of
trophoblast cells that penetrate and surround the uterine
vasculature present within the developing chorioallantoic
placenta. As gestation advances, invasive trophoblast cells
exit a region of the chorioallantoic placenta referred to as the
junctional zone and enter the uterine mesometrial compartment
(site of blood vessel entry into the uterus). Two terms have been
used to describe invasive trophoblast cells: endovascular and
interstitial (Kaufmann et al., 2003). Endovascular trophoblast
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are situated between the vasculature. In the rat, invasive
trophoblast cells are targeted to a triangular shaped area rich in
blood vessels, which is located between the mesometrial
decidua and the surface of the uterus, and termed the metrial
gland (Selye and McKeown, 1935; Peel, 1989; Ain et al., 2003;
Ain and Soares, 2004). In the mouse, intrauterine trophoblast
cell invasion is shallow and limited to the mesometrial decidua
(Adamson et al., 2002; Ain et al., 2003; Coan et al., 2006).
An assortment of growth factors, proteases, and other
modulators has been implicated in the regulation of trophoblast
invasion (Lala and Chakraborty, 2003; James et al., 2006a). Of
particular interest is a putative role for oxygen in the regulation
of the invasive trophoblast lineage. Oxygen tension has an
important role in regulating placentation (Genbacev et al., 1996,
1997; Caniggia et al., 2000; Burton and Jaunaiux, 2001; Fryer
and Simon, 2006). During early gestation, embryonic develop-
ment proceeds in an intrauterine environment characterized by
low oxygen tension (Rodesch et al., 1992; Zamudio, 2003).
Signaling pathways activated by low oxygen trigger morpho-
genetic events at the placentation site. Disruptions in key
regulatory genes controlling responses to hypoxia result in
failures in placentation and prenatal lethality (Gnarra et al.,
1997; Abbott and Buckalew, 2000; Adelman et al., 2000;
Cowden Dahl et al., 2005; Maltepe et al., 2005; Takeda et al.,
2006). The impact of oxygen tension on the invasive trophoblast
lineages has not been resolved (James et al., 2006a). Some
experimental paradigms indicate that low oxygen tension
inhibits trophoblast invasion (Genbacev et al., 1996, 1997;
Caniggia et al., 2000; Kilburn et al., 2000; Crocker et al., 2005;
James et al., 2006b; Lash et al., 2006), whereas others show a
stimulatory action of hypoxia on trophoblast invasion or
development of the invasive trophoblast lineage (Zhou et al.,
1993; Graham et al., 2000; Kadyrov et al., 2003; Hayashi et al.,
2005; Robins et al., 2007). The differing results are probably the
consequence of the varied experimental designs employed.
Many of the experiments were performed in vitro utilizing cell
lines, isolated primary trophoblast cells, or trophoblast explants
and various culture conditions. Others were performed in vivo
during different stages of gestation, using diverse animal species
and types of manipulations or disease states, with variable
effects on the duration and magnitude of oxygen tensions.
In this report, we investigate the impact of hypoxia in an in
vivo context on placentation using the rat as an experimental
model system. We show that exposure of pregnant rats to a
hypoxic environment provides a novel model system for
exploring pregnancy-dependent adaptations. Maternal hypoxia
activates changes in the uterine mesometrial vasculature, which
include increases in vascularity and increased endovascular
trophoblast cell invasion.
Materials and methods
Animal and tissue preparation
Holtzman Sprague Dawley (HSD) rats were purchased from Harlan Sprague
Dawley Inc. (Indianapolis, IN). A colony of transgenic rats expressing the
enhanced green fluorescence protein (EGFP) driven by a chicken β-actinpromoter (chβA-EGFP; Ikawa et al., 1998; Hasuwa et al., 2002) was
established. The animals were housed in an environmentally controlled facility,
with lights on from 0600 to 2000 h, and were allowed free access to food and
water. Virgin female HSD rats of 8–10 weeks were cohabited with male HSD or
chβA-EGFP rats. Presence of sperm in the vaginal lavage was designated as day
0.5 of pregnancy. Depending on the experimental design, animals were
sacrificed on days 10.5, 11.5, 12.5, 13.5, or 18.5 of gestation. Placentation sites,
including uterus, metrial gland, and placental tissues, were dissected from
pregnant animals and frozen in dry ice cooled heptane and stored at −80 °C until
used for immunohistochemical and in situ hybridization analyses. Tissues were
also snap-frozen in liquid nitrogen for RNA analyses and stored at −80 °C until
used. Protocols for these procedures have been described (Ain et al., 2006). The
procedures for handling and experimentation with rodents were approved by the
University of Kansas Medical Center Animal Care and Use Committee.
In vivo maternal hypoxia
Pregnant rats were placed in hypobaric chambers on the designated day of
pregnancy. Rats were exposed to conditions, in which air is circulated at a
barometric pressure of approximately 420 Torr, resulting in an inspired PO2 of
approximately 78 Torr, equivalent to breathing 11% oxygen at sea level (Ho-
Chen et al., 2006). The chambers were opened daily to replenish food and water
(15–20 min). Windows of sensitivity to maternal hypoxia were determined by
varying the duration of exposure to hypobaric hypoxia between days 6.5 and
13.5 of gestation. Each treatment group included a minimum of five animals.
Pair-fed control pregnant rats were exposed to ambient conditions (barometric
pressure of 760 Torr and inspired PO2 of 149 Torr; equivalent to breathing 21%
oxygen at sea level).
Histological and immunohistochemical analyses
Histological analyses were performed on 10-μm tissue sections prepared
with the aid of a cryostat and stained with hematoxylin and eosin.
Immunohistochemical analyses were used to identify trophoblast cells,
natural killer (NK) cells, smooth muscle cells, endothelial cells, compartments
of the placentation site, and cells expressing EGFP. Analyses were performed
with the aid of Histostain-AEC-plus kits (Zymed Laboratories, San Francisco,
CA) according to the manufacturer's instructions unless stated otherwise. All
histological and immunostained tissue sections and fluorescence images of
cryosections from chβA-EGFP-positive tissues were examined and captured
using a Leica MZFLIII stereomicroscope (Leica Microsystems GmbH, Welzlar,
Germany) or a Nikon Eclipse 55i microscope (Nikon Instruments Inc., Melville,
NY), both equipped with Leica CCD cameras (Leica).
Trophoblast cells
Rat invasive trophoblast cells were detected using a mouse monoclonal anti-
pan cytokeratin antibody (Sigma-Aldrich, St. Louis, MO) at a dilution of 1:400,
as previously described (Konno et al., 2007). Normal rat serum (10%; Sigma-
Aldrich) was added during the secondary antibody incubation to decrease non-
specific reactions.
NK cells
Rabbit polyclonal anti-rat perforin-1 antibodies (PRF1; Torrey Pines
Biolabs, Houston, TX) were used to detect NK cells. The PRF1 antibodies
were used at a concentration of 2.5 μg/ml.
Endothelial cells
Mouse monoclonal antibodies to platelet/endothelial cell adhesion molecule
(PECAM; BD Pharmingen, Franklin Lakes, NJ) and CXCR4 (AbCAM,
Cambridge, MA) were used to detect endothelial cells. The PECAM antibody
was used at a dilution of 1:50, while the CXCR4 antibody was used at a dilution
of 1:75. Cryosections were treated with 0.3% hydrogen peroxide for 45–60 min
to decrease non-specific binding.
Smooth muscle cells
Smooth muscle cells were monitored with a mouse monoclonal anti-smooth
muscle α-actin (α-actin-2, ACTA2) antibody (Sigma-Aldrich) and used at 1:400
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secondary antibody incubation to decrease non-specific reactions.
Placental compartments
Regions of the placentation sites were determined by vimentin immunos-
taining. A mouse monoclonal antibody to vimentin (Sigma-Aldrich) was used at
a dilution of 1:500.
EGFP
EGFP-positive trophoblast cells were detected by their intrinsic fluorescence
and by using a 1:100 dilution of rabbit anti-green fluorescence protein
polyclonal antibody (Chemicon, Temecula, CA).
In situ hybridization
In situ hybridization was performed as described (Ain et al., 2003; Wiemers
et al., 2003b). Ten-micrometer cryosections were prepared and stored at −80 °C
until used. A plasmid containing a cDNA for PRL family 7, subfamily b,
member 1 (Prl7b1; also known as PRL-like protein-N, Wiemers et al., 2003a)
was used as a template to synthesize sense and antisense digoxigenin-labeled
riboprobes according to the manufacturer's instructions (Roche Molecular
Biochemicals, Indianapolis, IN). Tissue sections were air dried and fixed in ice-
cold 4% paraformaldehyde in phosphate-buffered saline (PBS). Prehybridiza-
tion, hybridization, and detection of alkaline phosphatase-conjugated anti-
digoxigenin were performed as previously reported (Ain et al., 2003; Wiemers
et al., 2003b).
Isolation and characterization of EGFP-positive invasive trophoblast
cells
Female rats were mated with chβA-EGFP transgenic male rats. Pregnant rats
were sacrificed on day 18.5 of gestation. Metrial glands were dissected, washed
in Hanks balanced salt solution (HBSS, pH 7.4; Cellgro, Mediatech Inc.,
Herndon,VA), minced into small pieces in Dispase Grade II (Roche Applied
Science, Indianapolis, IN) containing 0.002% DNase 1 (Sigma-Aldrich), and
incubated at 37 °C with shaking for 1 h. Cells were recovered by centrifugation
and washed in RPMI 1640 culture medium containing 20% fetal bovine serum,
1 mM sodium pyruvate, 50 μM β-mercaptoethanol, 100 μg/ml penicillin,
100 U/ml of streptomycin, and 20% fetal bovine serum (Sahgal et al., 2006). The
EGFP-positive cells were sorted in phosphate-buffered saline (PBS) based on
fluorescence intensity (FITC fliter) with a BD FACSAria Cell-Sorting System
(BD Biosciences, San Jose, CA).
Cytokeratin immunoreactivity
The identity of EGFP-positive cell populations were determined from
aliquots of cells centrifuged onto glass slides, fixed in 4% paraformaldehyde
(Sigma-Aldrich) in PBS for 10 min, treated with Triton X-100 (Sigma-Aldrich)
in PBS for 10 min, and immunostained for cytokeratin (Ain et al., 2003).
Ploidy
The DNA content of the isolated invasive trophoblast cells was estimated by
flow cytometry following propidium iodide staining. EGFP-positive invasive
trophoblast cells or spleen cells were resuspended in PBS and fixed with 90%
cold ethanol. Cells were pelleted by centrifugation and resuspended in
propidium iodide (50 μg/ml in PBS). Cells were analyzed for propidium iodide
fluorescence by flow cytometry using BD LSRII and FACS Diva (BD
Biosciences).
RT-PCR
EGFP-positive cells were flow sorted into vials containing PicoPure™ RNA
extraction buffer (Picopure™ RNA Isolation Kit, Arcturus, Molecular Devices
Corporation, CA) and total RNA isolated and treated with DNase 1 (Qiagen Inc.,
Valencia, CA). Total RNA was also isolated from gestation day 18.5 labyrinth
zone, junctional zone, and metrial gland tissues using TRIzol (Invitrogen,
Carlsbad, CA) and treated with DNase 1 (Invitrogen). Expression of trophoblast
lineage-specific markers was used to characterize the EGFP-positive cells.
Prl7b1, achaete-scute complex homolog-like 2 (Ascl2), and glial cell missing 1(Gcm1) were used as markers for invasive trophoblast cells, spongiotrophoblast,
and syncytial trophoblast cells, respectively. Expression of 18sRNAwas used as
a control for RNA integrity and loading. RT-PCR was conducted using
SuperScript III One-Step RT-PCR System with Platinum Taq (Invitrogen) and
the respective gene specific primers (Supplementary Table 1) according to the
manufacturer's instructions, with some minor modifications (annealing
temperatures: Prl7b1, 55 °C; Ascl2 and Gcm1, 60 °C).
Morphological measurements and statistical analysis
Morphological measurements of the depth of trophoblast invasion, the sizes
of placental compartments, and blood vessel and uterine mesometrial
compartment cross-sectional areas were performed with National Institutes of
Health Image J software.
Definitions of each compartment within the rat placentation site (uterine
mesometrial compartment, metrial gland, mesometrial deciduum, junctional
zone, and labyrinth zone) have been described (Ain et al., 2006). The uterine
mesometrial compartment is the region located between the trophoblast giant
cell layer of the chorioallantoic placenta and the outer surface of the uterus. This
region includes the uterine mesometrial deciduum (located between the
trophoblast giant cell layer of the chorioallantoic placenta and the inner
myometrial layer) and the metrial gland. The latter structure is situated between
the inner myometrial layer and the outer surface of the uterus. The
chorioallantoic placenta consists of the junctional zone and the labyrinth zone.
The junctional zone comprises an area bordered by the uterine mesometrial
deciduum and the labyrinth zone. It contains trophoblast giant cells,
spongiotrophoblast cells, and glycogen cells. The labyrinth zone is defined as
the region of the chorioallantoic placenta vascularized by the allantois. This
compartment contains syncytial trophoblast, cytotrophoblast, trophoblast giant
cells, and fetal mesenchyme and its associated vasculature.
An estimate of the uterine mesometrial vasculature was determined from the
ratio of blood vessel cross-sectional area to uterine mesometrial compartment
cross-sectional area (BV:UMC). The depth of intrauterine trophoblast cell
invasion was used to determine an invasion index (distance of endovascular
cytokeratin-positive cell location relative to the trophoblast giant cell layer of the
chorioallantoic placenta / total distance from the trophoblast giant cell layer to
the outer mesometrial surface of the uterus). The thickness of the junctional zone
was estimated from cross-sectional area measurements of vimentin stained
placentation sites. Measurements were expressed as the ratio of junctional zone
to labyrinth zone cross-sectional areas. Uterine mesometrial vasculature, depth
of intrauterine trophoblast cell invasion, and chorioallantoic zone measurements
were all made from a histological plane at the center of each placentation site
perpendicular to the flat fetal surface of the placenta. Sample sizes for the
analyses were at least five placentation sites from at least five different animals
per treatment group. Statistical comparisons between two means were
determined with Student's t-test. Comparisons among multiple means were
evaluated with analysis of variance. The source of variation from significant
F-ratios was determined with Bonferroni's multiple comparison test (Heiberger
and Holland, 2004).Results
In these experiments, we have investigated the effects of
maternal hypoxia on the placentation site. Maternal hypoxia-
activated changes in the uterine mesometrial vasculature.
Uterine vascular responses to maternal hypoxia
Exposure of rats to an equivalent of 11% oxygen from
gestation day 6.5 to day 13.5 stimulated marked structural
changes in the uterine mesometrial vasculature when inspected
on gestation day 13.5 (Figs. 1 and 2). Among the structural
changes in the uterine mesometrial blood vessels was an
expansion of the surface area associated with the uterine
Fig. 1. The impact of maternal hypoxia on uterine mesometrial vascularity and natural killer (NK) cell distribution. Pregnant rats were exposed to hypoxia (equivalent
to 11% oxygen) from gestation day 6.5 to day 13.5, panels B and E, and sacrificed on day 13.5. Gestationally matched pair-fed rats exposed to ambient conditions were
used as controls (panels A and D). Placentation sites were sectioned and stained for ACTA2, identifying smooth muscle-associated blood vessels in the uterine
mesometrial compartment (panels A and B) or for perforin (PRF1), a marker of NK cells (panels D and E). Chromogen: 3-amino-9-ethylcarbazole (AEC);
counterstain: hematoxylin; scale bars=0.5 mm. Panel C, quantification of the ratio of blood vessel cross-sectional area to uterine mesometrial compartment cross-
sectional area (BV:UMC) in pair-fed normoxic controls (n=7) and hypoxia-exposed (n=7) placentation sites. Values are means± the standard error of each mean.
Please note that hypoxia exposure increased the BV:UMC cross-sectional area (asterisk; Pb0.0006). Abbreviations: PF-N, pair-fed normoxia; HYP, maternal hypoxia.
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centrally located mesometrial blood vessels. The increase in
vascular surface area was best demonstrated by ACTA2
immunostaining of vascular smooth muscle cells (Fig. 1). TheFig. 2. The impact of maternal hypoxia on the organization of the uterine mesometrial
circulated at a barometric pressure of 420 Torr, resulting in an inspired PO2 of app
exposure was initiated on day 6.5 and continued to day 13.5 of gestation. Immunoloca
were performed on cryosections of gestation day 13.5 placentation sites exposed to p
and H). Panels E–H are high magnifications of areas highlighted in boxes shown in pa
(maternal hypoxia exposed) do not stain positively for PECAM or CXCR4, respective
fed normoxia (panel I) or maternal hypoxia-exposed (panels J and K) rats stained with
cells. The blood vessels shown in panel J are lined by endothelial cells (black arrow
(black arrowheads). Panel K shows a blood vessel lined by a larger cuboidal cell pop
gestation day 18.5 metrial gland lined with endovascular trophoblast cells, which
counterstain, hematoxylin. Scale bars: panels A–D=0.5 mm, panels E–H=0.25 mmarea occupied by smooth muscle associated vessels within the
uterine mesometrial compartment significantly increased fol-
lowing exposure to hypoxia (Pb0.0006). NK cells have been
proposed as potential regulators of the uterine mesometrialvasculature. Pregnant rats were placed into hypobaric chambers, in which air was
roximately 78 Torr, equivalent to breathing 11% oxygen at sea level. Hypoxia
lizations of PECAM (panels A, B, E, and F) and CXCR4 (panels C, D, G, and H)
air-fed normoxia (panels A, C, E, and G) or to maternal hypoxia (panels B, D, F,
nels A–D, respectively. Please note that the vessels highlighted in panels F and H
ly. Panels I–K show blood vessels from gestation day 13.5 metrial glands of pair-
hematoxylin and eosin. The blood vessel shown in panel I is lined by endothelial
s) or in part by endothelial cells and in part by a larger cuboidal cell population
ulation (black arrowheads). Panel L shows a blood vessel from an ad libitum-fed
were immunostained for cytokeratin. Panels A–H and L: chromogen, AEC;
, and panels I–L=40 μm.
Fig. 3. Hypoxia-activated epithelialization of the uterine mesometrial vasculature. Maternal hypoxia exposure (equivalent to 11% oxygen) was initiated on gestation
day 6.5 and continued to day 13.5 when animals were sacrificed. Gestationally matched pair-fed rats exposed to ambient conditions were used as controls. The
epithelial identity of cells in placentation sites was determined by immunostaining for cytokeratin. Panels A, D, and G show representative cytokeratin-immunostained
sections from placentation sites of three different pair-fed normoxia control rats. Panels B, E, and H show representative cytokeratin-immunostained sections from
placentation sites of three different maternal hypoxia-exposed rats. Panels C, F, and I are high magnifications of areas highlighted in the boxes shown in panels B, E,
and H, respectively. Chromogen: AEC; counterstain: hematoxylin; scale bars: panels A, B, D, E, G, and H=0.5 mm; panels C, F, and I=0.25 mm. Panel J,
quantification of the depth of cytokeratin-positive cell penetration into the uterine mesometrial vasculature. Values are means± the standard error of each mean.
Invasion index=distance of endovascular cytokeratin-positive cell location relative to the trophoblast giant cell layer of the chorioallantoic placenta / total distance
from the trophoblast giant cell layer to the mesometrial surface of the uterus. The asterisk indicates a significant difference between pair-fed normoxia controls (white
bar, n=5) and maternal hypoxia-exposed (shaded bar, n=5) placentation sites, Pb0.0007. Abbreviations: PF-N, pair-fed normoxia; HYP, maternal hypoxia.
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PRF1-positive NK cells in control and hypoxia-exposed tissues.
No apparent hypoxia-induced differences in NK cell distribu-
tions were evident (Fig. 1). Virtually all uterine mesometrial
blood vessels in pair-fed or ad-libitum-fed (not shown) controls
are lined by endothelial cells (Fig. 2, panels A, C, E, G, and I).
In contrast, some centrally located mesometrial vasculature was
lined with cells possessing an unusual cuboidal shape, and
which did not express PECAM or CXCR4 (Fig. 2, panels B, D,
F, H, J, and K). The cuboidal nature of the cells lining the
vessels was different from the flattened appearance of
cytokeratin immunopositive endovascular invasive trophoblast
cells lining gestation day 18.5 uterine mesometrial blood
vessels (Fig. 2, panels J and K versus panel L).Fig. 4. The epithelial lining of hypoxia-activated uterine mesometrial vasculature expr
exposure (equivalent to 11% oxygen) was initiated on gestation day 6.5 and continue
exposed to ambient conditions were used as controls. Prl7b1, a marker of the invas
shows representative localization of Prl7b1 in placentation sites from pair-fed normo
sites of maternal hypoxia-exposed rats. Panel C is a high magnification of the area h
blood vessels express a marker of the invasive trophoblast cell lineage. Chromogen:
panel C=0.25 mm.Maternal hypoxia activates epithelialization of the uterine
mesometrial vasculature
We hypothesized that the cuboidal cells lining the uterine
mesometrial vasculature in the hypoxia-exposed pregnant rats
could be of trophoblast origin. In order to test the hypothesis, we
utilized two established markers of the invasive trophoblast cell
lineage: cytokeratin and Prl7b1 (Ain et al., 2003; Wiemers
et al., 2003a). The cuboidal cells lining the hypoxia-exposed
uterine mesometrial blood vessels were cytokeratin immuno-
positive (Fig. 3) and expressed Prl7b1 mRNA (Fig. 4) and
appeared to have continuity with trophoblast cells lining the
central placental artery within the junctional zone of the
chorioallantoic placenta (Figs. 3E and 4B). In pair-fed normoxicesses a marker of the invasive trophoblast cell lineage, Prl7b1. Maternal hypoxia
d to day 13.5 when animals were sacrificed. Gestationally matched pair-fed rats
ive trophoblast lineage, mRNA was localized by in situ hybridization. Panel A
xia controls. Panel B shows representative localization of Prl7b1 in placentation
ighlighted in the box shown in panel B. Please note the cells lining mesometrial
NBT-BCIP; counterstain: nuclear fast red. Scale bar: panels A and B=0.5 mm;
Fig. 5. Cells that line the uterine vasculature are of extraembryonic origin. (A)
Overview of the chβA-EGFP transgenic model for assessing the trophoblast cell
lineage. EGFP expression was monitored at the placentation site in wild-type
female rats mated to homozygous chβA-EGFP transgenic male rats. (B)
Validation of EGFP and cytokeratin expression profiles at the gestation day 18.5
placentation sites of wild-type female rats mated to homozygous chβA-EGFP
transgenic male rats. Image b1, EGFP fluorescence; Image b2, immunostaining
with anti-GFP; Image b3, immunostaining with anti-cytokeratin. Please note the
robust EGFP fluorescence throughout the uterine mesometrial compartment,
which has a similar distribution to EGFP immunoreactivity, and cytokeratin
immunoreactivity. (C) Gestational profile of EGFP expression in the placenta-
tion sites of wild-type female rats mated to homozygous chβA-EGFP transgenic
male rats. (D) Effects of maternal hypoxia on of EGFP fluorescence at the
placentation site. Wild-type female rats were mated to homozygous chβA-EGFP
transgenic male rats. Maternal hypoxia exposure (equivalent to 11% oxygen)
was initiated on gestation day 6.5 and continued to day 13.5 when animals were
sacrificed (image d2). Gestationally matched pair-fed rats exposed to ambient
conditions were used as controls (image d1). Please note that maternal hypoxia
stimulated the invasion of extraembryonic-derived EGFP-positive cells into the
maternal uterine vasculature. Scale bar=0.5 mm.
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were confined to the uterine decidua, whereas this same cell
population had a more distal location relative to the chor-
ioallantoic placenta following hypoxia exposure (Fig. 3J,
Pb0.0007) and in some cases nearly reached the mesometrial
surface of uterus (Fig. 3E). The results were consistent with a
hypoxia-induced epithelialization of the uterine mesometrial
vasculature that could be of trophoblast origin.
Maternal hypoxia-activated endovascular epithelialization is
derived from extraembryonic tissues
In order to further investigate the origin of the epithelial cells
lining the uterine mesometrial vasculature in hypoxia-exposed
animals, we utilized a chβA-EGFP transgenic rat model. The
assay was based on the exit of EGFP genetically marked
trophoblast cells from the chorioallantoic placenta into the
uterine mesometrial compartment of a wild-type female rat
mated to a chβA-EGFP transgenic male rat (Fig. 5A). EGFP
expression within the uterine mesometrial compartment on
gestation day 18.5 exhibited a similar distribution to the
distribution of cytokeratin immunopositive cells (Fig. 5B).
Furthermore, EGFP fluorescence was an effective means of
monitoring the gestational time course of trophoblast cell
invasion (Fig. 5C). Appearance of the invasive trophoblast
lineage within the uterine mesometrial compartment was
modest until gestation day 15.5 and then subsequently
expanded throughout the metrial gland by term (Fig. 5C).
EGFP genetically marked invasive trophoblast cells could be
isolated by flow cytometry and cell sorting. The EGFP-positive
cells were primarily diploid with the presence of some polyploid
cells and expressed Prl7b1 (invasive trophoblast marker) but
not Ascl2 (spongiotrophoblast marker) or Gcm1 (syncytial
trophoblast marker) (Fig. 6). Since the chβA-EGFP transgenic
rat model system was an effective tool for monitoring the
invasive trophoblast lineage, we next investigated EGFP
marked invasive trophoblast cells from a wild-type female rat
mated to a chβA-EGFP transgenic male and then exposed to
hypoxia (gestation day 6.5 to day 13.5) or control conditions.
Placentation sites were examined on gestation day 13.5. EGFP
fluorescently marked invasive trophoblast cells were distributed
within the uterine mesometrial vasculature following hypoxia
exposure (Fig. 5D, panel d2) in locations similar to that
observed for cytokeratin (Fig. 3) and Prl7b1 (Fig. 4). EGFP-
positive invasive trophoblast cells did not extend beyond the
decidua in the pair-fed normoxic controls (Fig. 5D, panel d1).
In summary, the above experiments demonstrate that ma-
ternal hypoxia activates endovascular trophoblast cell invasion.
Maternal hypoxia and organization of the chorioallantoic
placenta
The invasive trophoblast lineage arises from the junctional
zone region of the chorioallantoic placenta (Simmons and Cross,
2005). Consequently, we next determined whether maternal
hypoxia altered the organization of the chorioallantoic placenta
and affected junctional zone development. Pregnant rats wereexposed to hypoxia (gestation day 6.5 to day 13.5) or control
conditions. Animals were sacrificed on gestation day 13.5 and
placentation sites prepared for histological analysis. Vimentin
immunostaining was used to distinguish uterine mesometrial
(positive immunostaining), junctional zone (no immunostain-
ing), and labyrinth zone (positive immunostaining) compart-
ments within the placentation site (Roby and Soares, 1993). The
total cross-sectional area of the chorioallantoic placenta and its
component parts (junctional and labyrinth zones) were all
significantly stimulated by maternal hypoxia (Fig. 7, Supple-
Fig. 6. Analysis and characterization of EGFP-positive cells isolated from metrial glands of wild-type females mated to chβA-EGFP transgenic males. (A)
Fluorescence profile of all cells isolated from the metrial gland; (B) fluorescence profile of an aliquot of GFP-negative cells; (C) fluorescence profile of an aliquot of
GFP-positive cells; (D) cytokeratin immunostaining of GFP-positive cells; (E) RT-PCR analysis of Prl7b1, Ascl2, Gcm1, and 18S ribosomal RNA in EGFP-positive
cells. Abbreviations; MG, metrial gland; LZ, labyrinth zone; JZ, junctional zone; IT, isolated invasive trophoblast. (F) Ploidy analysis of EGFP-positive invasive
trophoblast cells. (f-1) Total metrial gland cells sorted by fluorescence; (f-2) spleen cells stained with propidium iodide and analyzed for DNA content; (f-3) EGFP-
positive invasive trophoblast cells stained with propidium iodide and analyzed for DNA content.
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maternal hypoxia were not equivalent, resulting in an in an
increased ratio of junctional zone to labyrinth zone cross-
sectional areas (Fig. 7, Pb0.04). The results suggest that the
influence of maternal hypoxia on the trophoblast lineage
includes effects on development of the junctional zone, a
repository of invasive trophoblast lineage precursors.
Onset of endovascular trophoblast invasion following maternal
hypoxia
In the preceding experiments, pregnant rats were exposed to
hypoxia for 7 days (gestation day 6.5 to day 13.5) prior to
examination of the placentation site. In the next series of
experiments, we sought to determine the ontogeny of hypoxia-
induced trophoblast invasion into the metrial gland. Pregnantrats were exposed to hypoxic or control conditions beginning at
gestation day 6.5 for different durations (until days 10.5, 11.5,
12.5, or 13.5 of gestation). Intrauterine trophoblast invasion was
monitored by cytokeratin immunostaining. Significant hypoxia-
induced increases in trophoblast invasion were first observed at
gestation day 13.5 (Fig. 8, panels G, H, and I, Pb0.0001).
Maternal hypoxia-activated trophoblast invasion into the
metrial gland was not initiated until after gestation day 12.5.
Initiation of responsiveness to maternal hypoxia
Next, we determined the gestational time-frame associated
with the initiation of trophoblast cell responsiveness to maternal
hypoxia. We used trophoblast invasion as a measure of res-
ponsiveness to maternal hypoxia. Maternal hypoxia was ini-
tiated on gestation days 6.5, 8.5, 10.5, or 11.5 and continued
Fig. 7. Effect of maternal hypoxia on the organization of the gestation day 13.5
chorioallantoic placenta. Maternal hypoxia exposure (equivalent to 11%
oxygen) was initiated on gestation day 6.5 and continued to day 13.5 when
animals were sacrificed. Gestationally matched pair-fed rats exposed to ambient
conditions were used as controls. Vimentin, a marker of mesenchymal cells, was
localized within the placentation site by immunocytochemistry. Vimentin
immunostaining permits the localization of the labyrinth zone (positive
immunostaining), junctional zone (no immunostaining), and uterine mesome-
trial compartment (positive immunostaining). Panel A shows representative
localization of vimentin in placentation sites from pair-fed normoxia controls.
Panel B shows representative localization of vimentin in placentation sites of
maternal hypoxia-exposed rats. Chromogen: AEC; counterstain: hematoxylin,
scale bar=1 mm. The dashed black lines on panels A and B demarcate the
junctional zone and underlying labyrinth zone. Panel C shows the ratio of cross-
sectional areas for junctional zone versus labyrinth zone from pair-fed normoxic
placentation sites (white bar, n=12) and hypoxia-exposed (shaded bar, n=10)
placentation sites. Values are means± the standard error of each mean. Please
note the relative enlargement of the JZ from hypoxia-exposed placentation sites
(asterisk; Pb0.004). Abbreviations: PF-N, pair-fed normoxia; HYP, maternal
hypoxia; JZ, junctional zone; LZ, labyrinth zone.
Fig. 8. Determination of the onset of trophoblast cell invasion following
hypoxia-activation. Maternal hypoxia exposure (equivalent to 11% oxygen) was
initiated on gestation day 6.5 and continued to days 10.5, 11.5, 12.5, or 13.5 of
gestation when animals were sacrificed. Gestationally matched pair-fed rats
exposed to ambient conditions were used as controls. Invasive trophoblast cells
were monitored by cytokeratin immunostaining. Panels A–H show representa-
tive cytokeratin-immunostained sections from placentation sites from gestation
day 10.5 (panels A and B), day 11.5 (panels C and D), day 12.5 (panels E and F),
and day 13.5 (panels G and H). Panels A, C, E, and G show representative
cytokeratin-immunostained sections from placentation sites of pair-fed controls.
Panels B, D, F, and H show representative cytokeratin-immunostained sections
from hypoxia-exposed placentation sites. Chromogen: AEC; counterstain:
hematoxylin; scale bar=0.5 mm. Panel I shows quantification of the depth of
cytokeratin-positive cell penetration into the uterine mesometrial vasculature.
Values are means± the standard error of each mean (n=5 for each group). The
asterisk indicates a significant difference between pair-fed normoxia controls
and maternal hypoxia-exposed placentation sites, Pb0.0001. Abbreviations:
PF-N, pair-fed normoxia; HYP, maternal hypoxia; invasion index, see Materials
and methods or legend to Fig. 3. Please note that hypoxia stimulated trophoblast
invasion into the uterine mesometrial compartment is initiated between days
12.5 and13.5 of gestation.
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matched pair-fed rats exposed to ambient conditions were used
as controls. The invasive trophoblast lineage was monitored by
cytokeratin immunostaining of gestation day 13.5 placentation
sites. Activation of endovascular trophoblast invasion was
observed following initiation of maternal hypoxia on gestation
day 6.5 and day 8.5 (Fig. 9, panels A–F and M; day 6.5 to day
13.5, Pb0.0001; day 8.5 to day 13.5, Pb0.04) but not following
initiation of hypoxia exposure on gestation day 10.5 or day 11.5
(Fig. 9, panels G–L andM). Based on the results generated from
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may be a developmental window of placental sensitivity to
maternal hypoxia that spanned a gestational time interval
between day 6.5 and day 10.5 of gestation.
Identification of a developmental window of sensitivity to
hypoxia-induced activation of the invasive trophoblast cell
lineage
In order to further define a putative developmental window
for activation of the endovascular trophoblast lineage inFig. 9. Gestational ontogeny of hypoxia activation of the invasive endovascular troph
initiated on gestation day 6.5 (panels B and C), day 8.5 (panels E and F), day 10.5
gestation when animals were sacrificed. Gestationally matched pair-fed rats exposed
trophoblast cells were monitored by cytokeratin immunostaining. Panels C, F, I, and L
H, and K, respectively. Chromogen: AEC; counterstain: hematoxylin; scale bars: pane
shows quantification of the depth of cytokeratin-positive cell penetration into the uter
(n=5 for all groups except day 8.5 to day 13.5, normoxia, n=7 and day 8.5 to day 13.
normoxia controls and maternal hypoxia-exposed placentation sites (day 6.5 to day
normoxia; HYP, maternal hypoxia; invasion index, see Materials and methods or leg
10.5 was critical to activation of endovascular trophoblast invasion.response to hypoxia, we exposed pregnant rats to hypoxia for
different time intervals (gestation day 6.5 to day 8.5; day 6.5 to
day 9.5; day 7.5 to day 9.5; day 8.5 to day 9.5) and then
returned them to ambient conditions until gestation day 13.5
when animals were sacrificed. Gestationally matched pair-fed
rats exposed to ambient conditions were used as controls.
Cytokeratin immunostaining was used to assess trophoblast
invasion in gestation day 13.5 placentation sites. Hypoxia
exposure durations including gestation day 8.5 to day 9.5
significantly increased the depth of intrauterine endovascular
trophoblast invasion beyond that observed in pair-fed normoxiaoblast cell lineage. Maternal hypoxia exposure (equivalent to 11% oxygen) was
(panels H and I), or day 11.5 (panels K and L) and continued until day 13.5 of
to ambient conditions were used as controls (panels A, D, G, and J). Invasive
are high magnifications of areas highlighted in the boxes shown in panels B, E,
ls A, B, D, E, G, H, J, and K=0.5 mm; panels C, F, I, and L=0.25 mm. Panel M
ine mesometrial vasculature. Values are means± the standard error of each mean
5, hypoxia, n=6). The asterisks indicate a significant difference between pair-fed
13.5, Pb0.0001; day 8.5 to day 13.5, Pb0.04). Abbreviations: PF-N, pair-fed
end to Fig. 3. Please note that exposure to hypoxia from gestation day 6.5 to day
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Pb0.0003; day 7.5 to day 9.5, Pb0.006; day 8.5 to day 9.5,
Pb0.003). Thus, an appropriately timed hypoxia exposure of
24 h is sufficient to activate the endovascular trophoblast cell
lineage. Existence of a developmental window for hypoxia
activation of endovascular trophoblast cells prompted us to
investigate whether a similar developmental window exists for
expansion of the surface area associated with the uterine
mesometrial vasculature (see Fig. 1, panels A–C). Three-day
exposures to hypoxia between day 6.5 to day 9.5 or day 10.5 toFig. 10. Identification of a developmental window of sensitivity to hypoxia activa
exposed to hypoxia (equivalent to 11% oxygen) for defined intervals during gestatio
7.5 to day 9.5, panels H and I; day 8.5 to day 9.5, panels K and L) and then ret
Gestationally matched pair-fed rats exposed to ambient conditions were used as co
cytokeratin immunostaining. Panels C, F, I, and L are high magnifications of ar
Chromogen: AEC; counterstain: hematoxylin; scale bars: panels A, B, D, E, G, H,
the depth of cytokeratin-positive cell penetration into the uterine mesometrial vas
group). Asterisks indicate a significant difference between pair-fed normoxia co
Pb0.0003; day 7.5 to day 9.5, Pb0.006; day 8.5 to day 9.5, Pb0.003). Abbrevi
Materials and methods or legend to Fig. 3. Please note that exposure to hypoxia fro
lineage.day 13.5 failed to increase surface area associated with the
uterine mesometrial vasculature (Fig. 11, panels A–D and G).
Expansion of the uterine mesometrial vasculature required
hypoxia exposure from gestation day 6.5 to day 13.5 (Fig. 11,
panels E–G, Pb0.005). Therefore, hypoxia-activated endovas-
cular trophoblast cell invasion and hypoxia-activated expansion
of uterine mesometrial blood vessel surface area are differen-
tially regulated.
In summary, pregnant rats exposed to hypobaric hypoxia
during critical phases of pregnancy activate precise adaptationstion of the invasive endovascular trophoblast cell lineage. Pregnant rats were
n (day 6.5 to day 8.5, panels B and C; day 6.5 to day 9.5, panels E and F; day
urned to normoxia until gestation day 13.5 when all animals were sacrificed.
ntrols (panels A, D, G, and J). Invasive trophoblast cells were monitored by
eas highlighted in the boxes shown in panels B, E, H, and K, respectively.
J, and K=0.5 mm; panels C, F, I, and L=0.25 mm. Panel M, quantification of
culature. Values are means± the standard error of each mean (n=5 for each
ntrols and maternal hypoxia-exposed placentation sites (day 6.5 to day 9.5,
ations: PF-N, pair-fed normoxia; HYP, maternal hypoxia; invasion index, see
m day 8.5 to day 9.5 of gestation is critical to activate the invasive trophoblast
Fig. 11. Impact of gestational windows of maternal hypoxia exposure on uterine
mesometrial vascularity. Pregnant rats were exposed to hypoxia (equivalent to
11% oxygen) for defined intervals during gestation (day 6.5 to day 9.5, panel B;
day 10.5 to day 13.5, panel D; day 6.5 to day 13.5, panels F) and then returned to
normoxia until day 13.5 of gestation when all animals were sacrificed.
Gestationally matched pair-fed rats exposed to ambient conditions were used as
controls (panels A, C, and E). Placentation sites were sectioned and stained for
ACTA2, identifying smooth muscle-associated blood vessels in the uterine
mesometrial compartment. Chromogen: AEC; counterstain: hematoxylin; scale
bars=0.5 mm. Panel G, quantification of the ratio of blood vessel cross-sectional
area to uterine mesometrial compartment cross-sectional area (BV:UMC) in
pair-fed normoxic controls and hypoxia-exposed placentation sites. Values are
means±the standard error of each mean (n=5 per group). The asterisk indicates
a significant increase in BV:UMC cross-sectional area following hypoxia
exposure (day 6.5 to day 13.5, Pb0.005). Abbreviations: PF-N, pair-fed
normoxia; HYP, maternal hypoxia.
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trophoblast cell lineage.
Discussion
Reproductive adaptations to environmental challenges are a
key to the success of a species. Pregnancy is a physiological
state that is characterized by an active dialog between maternal
and extraembryonic tissues. Conditions within the maternal
uterus signal developmental instructions to the primordial
placenta, which lead to the construction of a delivery route for
nutrients to the embryo/fetus. In this report, we demonstrate that
maternal hypoxia is an effective stimulus eliciting adaptations atthe maternal–fetal interface. The adaptations include activation
of the invasive endovascular trophoblast cell lineage and
modifications of uterine blood vessels supplying the developing
chorioallantoic placenta. We have observed similar results using
hypobaric hypoxia (present study) or by creating a hypoxic
environment by gas mixtures (data not shown).
At least two populations of invasive trophoblast cells can be
identified in the rat: endovascular and interstitial (Ain et al.,
2003; Caluwaerts et al., 2005; Vercruysse et al., 2006). Each
subpopulation is identified by its location relative to the uterine
spiral arteries (Pijnenborg et al., 2006). Endovascular invasive
trophoblast cells replace the endothelium of the uterine spiral
arteries, whereas interstitial invasive trophoblast cells surround
the uterine spiral arteries. There is evidence for two separate
routes of intrauterine trophoblast cell migration: (1) using the
endothelium as a guidance system or (2) alternatively moving
through the parenchyma of the mesometrial decidua and metrial
gland. Invasive trophoblast cells arising from either migratory
route may ultimately contribute to the endovascular and
interstitial subpopulations (Pijnenborg et al., 2006). In the
present study, maternal hypoxia activated an endovascular
course of trophoblast cell migration and a restricted endovas-
cular destination. These endovascular invasive trophoblast cells
were cuboidal in shape and expressed cytokeratin and Prl7b1
(present study). In support of our observations, maternal anemia
and chronic constriction of the lower aorta also appear to be
triggers for increasing the depth of intrauterine trophoblast cell
invasion (Zhou et al., 1993; Kadyrov et al., 2003). Decreased
oxygen concentrations are likely common determining factors
in stimulating the depth of trophoblast cell invasion. In contrast
to our report in the rat, where hypoxia-activated endovascular
trophoblast invasion, the in vivo manipulations in primates led
to enhanced interstitial trophoblast invasion. The observed
differences in the present report with the rat versus those
reported in primates (Zhou et al., 1993; Kadyrov et al., 2003)
may reflect the nature of the stressors, the timing of exposure to
the stressors, or to the species used in the analyses.
Activation of the invasive endovascular trophoblast lineage
can be separated from initiation of trophoblast cell invasion.
Exposure to maternal hypoxia from gestation day 8.5 to day 9.5
affected development of the invasive trophoblast cell lineage
(present study). The timing of the activation coincides with a
pivotal developmental stage in rat placentation. During this
interval, the chorion and allantois fuse and populations of cells
within the ectoplacental cone are allocated to each specialized
trophoblast cell lineage of the junctional zone, including the
invasive trophoblast cell lineage. The invasive trophoblast cell
lineage is best recognized by its exit from the junctional zone of
the chorioallantoic placenta (Ain et al., 2003; Caluwaerts et al.,
2005; Vercruysse et al., 2006). Thus, there is a latent period
between activation of the invasive trophoblast cell lineage and
when the maternal hypoxia-activated invasive trophoblast cells
physically move into the metrial gland. Prior to gestation day
13.5, trophoblast cell invasion is limited to endovascular
trophoblast cells and is confined to the mesometrial deciduum.
After gestation day 14.5, endovascular and interstitial invasive
trophoblast can be identified within the metrial gland (Ain et al.,
373G.X. Rosario et al. / Developmental Biology 314 (2008) 362–3752003). Maternal hypoxia hastens the appearance of endovas-
cular invasive trophoblast cells, which become readily detect-
able within the metrial gland by gestation day 13.5. Thus, there
is either a maturational process for the hypoxia-activated
invasive trophoblast cells that must transpire or there is a
barrier within the maternal uterine vasculature that must be
removed. Mechanisms underlying activation of the invasive
trophoblast lineage and subsequent trophoblast cell invasion
are yet to be determined.
Oxygen tension is an effective regulator of the trophoblast
lineage and may be a candidate activator of endovascular
invasive trophoblast cell differentiation or a factor initiating
trophoblast cell invasion. Simon, Fisher, and their colleagues
have shown that that low oxygen directs the differentiation of
trophoblast stem cells towards a cellular phenotype associated
with the junctional zone (Adelman et al., 2000; Cowden Dahl
et al., 2005; Maltepe et al., 2005). This developmental process is
dependent upon hypoxia inducible factor signaling pathways.
Furthermore, in vitro exposure of primary human cytotropho-
blast to low oxygen tension stimulates differentiation along the
homologous extravillous trophoblast phenotype (Robins et al.,
2007). Consistent with these findings, we observed that
exposure to maternal hypoxia resulted in chorioallantoic
placental development that favored the junctional zone (present
study). Although oxygen tension may represent a mediator in
redirecting placentation following in vivo exposure to hypoxia,
such a conclusion is not possible and will need to await future
analyses. The actions of maternal hypoxia may be direct and the
target may be a trophoblast stem cell population, or alternatively
the effects on trophoblast cell lineage determination may be
indirect and mediated by other cell types present at the
maternal–placenta interface (endothelial cells, uterine stromal
cells, decidual cells, NK cells, etc.) or the result of other
physiological stimuli elicited by maternal hypoxia. A caveat to
our experimental procedure for creating a hypoxic environment
is that the chambers were opened daily for the purpose of
replenishing food and water. The brief daily exposure to
ambient conditions may have simulated an oxygen reperfusion
state, which may have also contributed to the observed adaptive
response. Burton and coworkers have provided experimental
evidence that hypoxia reoxygenation contributes to placental
pathologies (Hung et al., 2001, 2002; Jauniaux et al., 2006).
The uterine mesometrial vasculature changes dramatically
following exposure to maternal hypoxia. Vessels increase in
diameter and the endothelium is replaced by trophoblast cells
(present study). In contrast to the acute responsiveness of the
invasive trophoblast lineage to maternal hypoxia, the increase in
mesometrial vascular size required continuous hypoxia expo-
sure from gestation day 6.5 to day 13.5. Replacement of the
endothelium of uterine spiral arteries with invasive trophoblast
cells is also observed in human placentation sites (Zhou et al.,
1997; Damsky and Fisher, 1998; Pijnenborg et al., 2006).
Mechanisms leading to the replacement of the endothelium by
trophoblast cells may be mediated by vascular–endothelial
cadherin and Fas ligand/Fas signaling (Ashton et al., 2005;
Bulla et al., 2005) and involve trophoblast phagocytosis of
endothelial cells (Chen et al., 2005). Invasive trophoblast cellsalso impact endothelial cells and the uterine vasculature in other
ways, including effects on vascular permeability (Wang et al.,
2004) and through their production of angiogenic factors (Zhou
et al., 2002, 2003; Hemberger et al., 2003; Yuan et al., 2005;
Red-Horse et al., 2005, 2006). Substituting endothelium with
endovascular trophoblast cells has the potential to impact
intravascular dynamics, including permeability and tone.
It is evident that there is plasticity in the process of
placentation. Organization of the maternal–fetal interface is
influenced by internal and external environmental challenges.
Maternal and extraembryonic compensatory responses consti-
tute an adaptive reflex that protects the pregnancy and allows
fetal development to proceed for the duration of pregnancy.
Failure of adaptation results in disease. In summary, we have
identified a new tool for investigating the regulation of
placentation, activation of the invasive trophoblast cell lineage,
invasion of trophoblast cells, and modification of the uterine
spiral arteries.
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